Binding of features and information which are processed at different cortical areas is generally supposed to be achieved by synchrony despite the non-negligible delays between the cortical areas. In this work we study the dynamics and synchronization properties of a simplified model of the thalamocortical circuit where different cortical areas are interconnected with a certain delay, that is longer than the internal time scale of the neurons. Using this simple model we find that the thalamus could serve as a central subcortical area that is able to generate zero-lag synchrony between distant cortical areas by means of dynamical relaying (Vicente et al., 2008) . Our results show that the model circuit is able to generate fast oscillations in frequency ranges like beta and gamma bands triggered by an external input to the thalamus formed by independent Poisson trains. We propose a control mechanism to turn "On" and "Off" the synchronization between cortical areas as a function of the relative rate of the external input fed into dorsal and ventral thalamic neuronal populations. The current results emphasize the hypothesis that the thalamus could control the dynamics of the thalamocortical functional networks enabling two separated cortical areas to be either synchronized (at zero-lag) or unsynchronized. This control may happen at a fast time scale, in agreement with experimental data, and without any need of plasticity or adaptation mechanisms which typically require longer time scales.
Introduction
(iii) the cortical area receiving the corresponding thalamic input. The thala-mic reticular nucleus receives collateral inputs from both thalamocortical and 36 corticothalamic fibres and sends its inhibitory projections to the dorsal tha-37 lamus, thus regulating the firing mode of the thalamocortical neurons. The 38 thalamic reticular nucleus receives inputs also from several forebrain and mid-39 brain areas known to exert modulatory functions (McCormick and Bal, 1994) , 40 in particular from nerve growth factor responsive basal forebrain cholinergic 41 cells (Villa et al., 1996) that are involved in many cognitive functions and 42 whose dysfunction is associated to Alzheimer's Disease. In the auditory sys-43 tem evidence exist that corticofugal activity regulates the response properties 44 of thalamic cell assemblies by changing their bandwidth responsiveness to 45 pure tones (Villa et al., 1991) thus allowing to selectively extract informa-46 tion from the incoming sensory signals according to the cortical activity (Villa et al., 1999a) . This model suggests that the thalamocortical circuit carries 48 embedded features that enable the build-up of combined supervised and un-49 supervised information processing akin to produce an adaptive filter (Tetko 50 and Villa, 1997) aimed to select behaviorally relevant information processing 51 (von Kriegstein et al., 2008 ).
52
The current study is not aimed at simulating any detailed thalamocortical cir-53 cuit, but rather to assess the role of simple variables that could play a major 54 role in controlling the emergence and maintenance of synchronized activity 55 in distributed cortical areas that project to the same thalamic nuclei. Our 56 model predicts that small changes in the cortical neurons firing rate, due to 57 non-correlated background synaptic activity in the thalamic region, is capable 58 of generating single or multi-frequency oscillations along with zero-lag syn-59 chronization between distant cortical regions. We quantify this synchronized 60 state by measuring the signal-to-noise ratio which does not monotonically in-61 crease with the firing rate. According to our model, thalamic activity plays 62 a key role in controlling the appearance of lag free synchronization between 63 cortical areas. In addition, despite its simplification, the model provides hints 64 about the conditions necessary to achieve that synchronization. We report an (somatosensory, visual, sensory) . The signs indicate the nature of the connections, (+) excitatory and (-) inhibitory. Notice the big arrows labeled C CC corresponding to long-range excitatory cortico-cortical connections and C RR corresponding to the inhibitory connections within the reticular and perigeniculate nucleus of the thalamus (R). Note the excitatory input from the ascending sensory pathway to the dorsal thalamus, the excitatory projection from the thalamus to the cortex with a collateral to R, and the excitatory projection of the cortex to the thalamus with a collateral to R. The only output of R is an inhibitory backprojection to the thalamus. (b) Explicit connections within one thalamocortical module.
Methods

74
To study the synchronization of cortical activity facilitated by the thalamic 75 relay we conducted extensive numerical simulations of a reduced thalamocor-76 tical model of spiking integrate-and-fire neurons subject to background noise 77 and an external driving. The model includes both local synapses and long-78 range interactions with different delays according to functional connectivity 79 in a four populations motif (Milo et al., 2002) (Fig.2) . The simulations were 80 performed using NEST, the neuronal simulation tool (Brette et al., 2007) with 81 4 the PyNEST interface (Eppler et al., 2009 
86
where τ mem (m) is the membrane time constant of neuron i belonging to the 87 population m (as in Fig. 2 ); I i (t) is the total current arriving to the soma.
88
The last term in the above equation is given by the sum of all postsynaptic 89 potentials (PSP) of neurons belonging to the network plus the total postsy-90 naptic potentials of all external neurons, the latter being modeled as a Poisson
91
process. Thus,
93
The first sum is taken over all presynaptic neurons j, each neuron receives
94
C e (m, z) excitatory synapses and C i (m, z) inhibitory synapses and they de- start at a rest potential V r (m) which can be changed by the synaptic current.
108
If the potential V i (t) of the i-th neuron reaches the threshold θ(m) a spike 109 is generated and its membrane potential is reset to V r (m) after an absolute 110 refractory period (τ rp = 2 ms). Table 1 Neuronal parameters for the neurons in population m. *Each neuron receives also afferences from a random neuron of the same population.
population ( Thalamocortical model. The topology of the model is characterized by 123 two thalamic and two cortical neural populations (Shepherd, 1998; Huguenard 124 and McCormick, 2007) . The overall layout of our model is depicted in Fig. 2 .
125
The thalamus is composed by two separate populations, one of excitatory the two cortical populations are distributed in two "areas" (C 1 and C 2 ) which 133 may or may not be interconnected (following the value of parameter C CC ).
134
It is a hierarchical network, with both an intra-population random structure Table 2 Parameters for inter-population (long-range) connections z between any two regions. Each neuron of the target population receives input from a randomly selected neuron belonging to the efferent population. The connectivity parameter values described in Table 2 were set arbitrarily in 149 order to maintain the relative proportion of cell types usually described in the 150 literature (Jones, 1985; Sherman, 2005) . The number of connections were set to pattern of connectivity (Jones, 1985; Sherman, 2005) . The specific proportion Notice that the inhibitory projections are represented with a rounded shape tip. The boxes at the bottom of the figure show the pattern of the afferences of a cortical area (C 1 , bottom left), of principal thalamic neurons (T, bottom centre), and of thalamic reticular neurons (R, bottom right). The thalamus is formed by two neuronal populations, the excitatory thalamocortical projecting neurons (T) and the inhibitory reticular and perigeniculate neurons (R) which are reciprocally interconnected (C T R ,C RT ). In addition, there are local excitatory connections (C T T ) between thalamic principal cells and local inhibitory connections (C RR ) between reticular thalamic cells. Two cortical "areas" (C 1 and C 2 ) are connected to the same thalamic region. Each cortical area includes both excitatory (80%) and inhibitory (20%) neurons. The cortical excitatory neurons send feedback projections to the thalamus (C CT ,C CR ), and establish long range corticocortical projections (C CC ) and local connections (Ce). The cortical inhibitory neurons establish only local connections (Ci). The inter-population connectivity is described by the parameters of Table 2 . The background activity at rate ν 0 and the external input at rate ν T consist of independent Poisson trains with parameters of Table 3 . Neurons in T are the only ones receiving an external input meanwhile all other neurons receive background activity. The external input is uncorrelated and defines the key parameter: Poisson background and the external driving are presented in Table 3 . The "noise" is determined by the mean over the time lag in the averaged cross- coincidences at zero-lag, meaning that they are synchronized and in-phase.
232
The cross-correlograms (see Methods section for details) between the cortical 233 areas and between the thalamus and one cortical area are shown in Fig. 3b ,c.
234
The graphic clearly indicates in-phase correlation among cortical areas while 235 the thalamus and the cortical area are out of phase (with the cortical area 236 delayed by 6 ms).
237
The synchronization of the cortical regions depends on the external input to
238
T. Fig. 4 shows the raster plot of a single trial characterized at t = 50 ms 239 by a sudden increase of the T activity from the mean rate ν 0 to 7/3ν 0 . The Averaged cross-correlogram of 3,000 randomly selected neuronal pairs of different C 1 and C 2 populations averaged over 100 trials. Bin size 2 ms. The horizontal line correspondings to the mean value stands for the noise. The peak at zero-lag stands for the signal. These values are used to compute the signal-to-noise ratio (see text for details). (c) Averaged cross-correlogram of 3,000 randomly selected neuronal pairs of different T and C 1 populations averaged over 100 trials. Same labels as panel (b) . Notice that the maximun of C 1 -C 2 crosscorrelation occurs exactly at zero-time lag while the maximum of T-C 1 occurs at a lag of 6 ms.
t > 250 ms.
243
The mean firing rate of T, C, and R neurons, computed over 2, 000 ms, in-244 creases monotonically as a function input rate ν T (Fig. 5a ). The dependency 
263
The signal-to-noise ratio, as defined in the Methods section from the cross-264 correlograms, as a function of ν T /ν 0 is illustrated in Fig. 5c . The firing rate and 265 the "signal" increase monotonically with the external rate of the input, but 266 interestingly SNR is characterized by a local maximum for uncoupled cortical 267 areas as well as for coupled cortico-cortical areas with connectivity C CC = 40.
268
The signal-to-noise was quite flat for low values of ν T , then increases until that the synchronization starts to be driven by the activity of the thalamus.
280
The signal-to-noise ratio as a function of the strength of the cortico-cortical 281 connection for different values of ν T /ν 0 is illustrated in Fig. 5d . Interestingly,
282
for low values of ν T /ν 0 the signal-to-noise response is flat but increases for single frequency component dominates the dynamics for ν T = 5/3ν 0 (Fig. 6d) .
301
The observation of the raster plots and of the cross-correlograms illustrates 302 further the dynamics emerging from the interaction between the cortical areas.
303
In Fig. 7a , b it can be observed that for C CC = 60 and ν T = 5/3ν 0 the slow 304 frequency component related to the cortical firing frequency is predominant.
305
The peak is not sharp, at ±4 ms from the zero-lag, and a "master-slave" 306 dynamics can be observed in the region of high instantaneous firing rate (say 307 from 50-80 ms after the external input onset). With parameters of C CC = 308 100 and ν T = 7/3ν 0 multiple frequencies are observed in the raster plot and 309 in the cross-correlogram (Fig. 7c,d ). In this case, both the zero-lag cortical 310 synchronization and the leader-ladder dynamics present a strong competition.
311
At very large values C CC = 110 the cortico-cortical connection dominates 312 and gives rise to an out-of-phase cortical synchronized dynamics between the 313 two areas (Fig. 7e,f) The signature of this dynamics appears both in a double 
Discussion
318
We have presented the dynamics of a simplified thalamocortical circuit. Our 319 results suggest that the thalamus could be a central subcortical area that 320 is able to trigger the emergence of zero-lag synchrony between distant corti-321 cal areas due to a dynamical relaying (Fischer et al., 2006; Vicente et al., 322 2008). According to this phenomenon a central element can enable two popu-323 lations to synchronize at zero-lag. Other subcortical areas such as the brain-324 stem (Scheller et al., 2009 ) and the hippocampus are likely to play a similar 325 role in dynamical relaying. However, the peculiar recurrent connections of the 326 thalamic reticular nucleus (Jones, 1985; Sherman, 2005) filtering" suggested elsewhere for the cortico-fugal projections (Villa et al., 344 1991 (Villa et al., 344 , 1999a Tetko and Villa, 1997) . 
366
The current results emphasize the hypothesis that the thalamus could control 367 the dynamics of the thalamocortical functional networks enabling two sepa-368 rated cortical areas to be either synchronized (at zero-lag) or unsynchronized.
369
Correlations in the output firing rate of two neurons have been shown to in-370 crease with the firing rate (de la Rocha et al., 2007) . Indeed we observed that 371 for increasing input rates (ν T ) the firing rate of all populations increase mono-372 tonically, accordingly to an expected sigmoidal function (Fig. 5a ). König and 373 collaborators (König et al., 1995) small terminals. (Rouiller and Welker, 2000; Takayanagi and Ojima, 2006) .
390
The modal switch of corticothalamic giant synapses controlled by background 391 activity was recently reported (Groh et al., 2008) . We speculate that this find- nization. The other synaptic type would be involved in transmitting stimulus-396 related information. Which is which is a question that the current study is 397 unable to answer. We must also consider the fact that our model of individual 398 dynamics of the integrate-and-fire neurons does not produce burst discharges 399 (Sherman, 2001; Krahe and Gabbiani, 2004) . This is a clear limitation and the 400 inclusion of a more physiologically realistic model as well as greater neuronal 401 diversity (Buia and Tiesinga, 2008) are scheduled for our future work. Despite We have arbitrarily kept the external input ν 0 over R and the cortex popula- reported to play an important role in controlling the thalamocortical circuit 422 dynamic state (Wolfart et al., 2005) . We are convinced that further simula- 
